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FOREWORD

This report was prepared under Air Force Contract F33615-77-C- 1091 sponsored
by the Air Force Avionics Lab oratory and covers work performed by the Electronic s
Researc h Center and the Strategic Systems Division of Rockwell International. The
purpose of this con trac t was to conduc t exploratory development into the use of
Galolinium Gallium Garne t for ring laser gyro mirro r substra tes.

This program was conduc ted from Apr il 1, 1977 through December 21, 1977.
It was directed by H. J .  Engebre tson, Program Manager and M. J. Rupert Project
Engineer of the Strategic Systems Division. Dr. B. D. Henry of the Electronics
Research Center ac ted as prin cipa l Investiga tor for this effort , providing the overall
technical guidance for the program and for this report.
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SECT~ONI

INTRODUCTION

1.1 BACKGROUND

The use of the ring laser as an Inertial gyro is an idea that has been pursued
for nearly 15 years by various laboratories (Ref 1). The basic Idea is quite simple ,
which probably accounts for the persistence exhibi ted In pursuing the use of the ring
laser gyro for such a long period . The simplest ideal ring laser contains a He/Ne
plasma tube , three mirrors, and electronics for detection of the counter-rotating
beams. The cavity path length diffe rence (Ap) between the clockwise and counter-
clockwise beams will vary ae

= J~2~2 A/ó (1)

where A is the projected area of the optical ring orthogonal to the angular velocity
vector (il) and c is the speed of light In vacuum. Since the fractional frequency shift
(Aviv) of the resonant modes of the laser equals the fractional path length change
(Ap/p), the frequency difference of the counter—rotating beams is given by

Av j ~.c2 (2)

where L is the cavity length and i. the wavelength. SimpLy by measuring Ai~’, oneobtains the angular velocity 12.

The most serious problem encountered in attempting to use a ring laser as a
gyrocompass is that for low rotation rates (or small mode splittings) the two counter-
rotating beams have no frequency difference in a real ring laser. Back-scattered
radiation causes these two oscillators to become synchronous and they are pulled to
a common frequency of oscillation (Ref 2). This Is not a surprising result and the
effect will always be present since one cannot hope to completely remove scattering
from a structure that confines the beams to some geometrical pattern. Unfortunately,

— in present state-of-the-art ring lasers, this phase-locking of the counter—rotating
beams occurs for rotation rates below a few hundred deg/hr. This Is approximately
5000 times too large to make the Instrument useful as a gyrocompass and biasing
techniques must be used to make the ring laser useful in measuring rotation rates.
Several biasing techniques have been used such as the mechanical dither (Ref 3),
Faraday cells (Ref 4, 5), the transverse Kerr effect (Ref 6) and the four beam

1. W. M. Macek and D. T. M. Davis Jr., AppI Phys Letter 2, 67 (1963).
2. Frederick Aronowttz , Laser Applications, Vol 1, edited by Monte Ross,

Pub Academic Press, NY (1971).
3. A. F. H. Thomson and P. G. R. KIng, Elect ron Lett 2, 382 (1966).
4. P. H. Lee and J. G. Atwood, IEEE J. Quantum Electronics 2, 235 (1966).
5. R. D. Henry et al , Electro OptIcs/Laser 77 Conference , Oct 1977, AnaheIm, CA.
6. U. S. Patent No. 3,927,946, Dated December 23, 1975. Ring Laser Frequency

Biasing Mechanism. Inventor: R. E. McClure , Sperry Rand Corp.

1 
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differential laser gyro (Ref 7). All of these deviations from the simple Ideal ring
exist to overcome the problems associated with the phase—locking . Receiit ly, the
rather ext reme approach of using a passive cavity ring (Re f 8) has been demonstrated
and the mai n object of this approach Is to eliminate the phase-locking problem.

One would like to avoid the complication of biasing the ring laser, but this
seems a rather remote possibility since the value of scattering loss needed would be
In the parts per biLlion category for aircraft grade (0.01 deg/hr) Instruments. But
more importantly, even for biased ring lasers the error sources are related to the
Inherent unbiased value of the lock-band for modulated operation. The main reason
for this Is that If one alternates the bias from positive to negative one must pass
through this locked region and this will introduce errors in one form or another , the
form depending on how one cho’ ses to traverse this region. So even for biased ring
lasers, one would like to reduce the back-scattering and presumably the lock-band to
as low a value as possible In order to decrease the error sources of the ring laser
gyro.

The maIn source of scattering in a ring laser arises from the reflections at
the path defining mirrors. This is where the la rgest refractive index differences
occur and hence where the scattering can be largest . Indeed, If one views an operat-
ing ring laser, the scattering is quite apparent and the main sources are easily
identified by the large bright red spots seen on the corner mirrors. For a “perfect ”
mirro r, one would not be able to see these spots. The Investigation of some of the
sources of this scattered radiation is one of the main goals of this program with the
unstated but obviously final goal being the reduction of the ring laser lock-band.

The investIgatIon of all sources of scattering for mirrors is beyond the scope
of this effort so that one specific source of scattering was investigated since it was
believed to be the main source. In an in-house investigation prior to the start of
this program , experiments were performed which Indicated that mirror substrate
preparation was probably the most Important problem in ring laser mirror scattering.
The net result of these experiments was that it appears that polishing techniques
for fused silica substrates are Inadequate. Surface strains left In the fused silica
mirror substrates can cause both physical thickness and refractive index variations
to occur in the subsequently deposited multilayer dielectric films and this will lead
to scattering of the reflected beams. In addition to preparing and evaluating mirrors
made with fused silica substrates , the same dielectric coatings were deposited onto
polished sIngle crystal wafers of Gadolinium Gallium Garnet (GGG). This is the
material used as a substrate for the growth of bubble domain materials (Ref 9) and
is known for its ability to retain large stresses without relief through dislocation
formation In the single crystal form . Typical dislocation densities for present GGC
are less than two per square centimeter with zero over large cent ral areas of a boule
being more the rule tha n the exception.

7. D. Grant et al , Proc. IEEE Natl Aerospace and Electronics Conf, 1028 ( 1977) ,
8. S. R. Balsamo and S. Ezekial , Proc. IEEE National Aerospace and Electronics

Conference, 1062 (1977).
9. A. H. Bobeck and E. Della Torre, Selected TopIcs In Solid State Physics,

Vol XIV, edited by E. P. Wohlfa rth, North-Holland Publishing Co. , Amsterdam ,
1975.
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The results of evaluation of the coatings on the GGG wafe rs looked very
promising. Both the physica l and optical inhomognelties of the deposited multi layer
dielectric layers were dramatically decreased. For thi s reason, It was decided to
investigate the use of gadolinium gallium garnet as a mirror substrate material for
use In ring lasers in thi s program.

Since this is the first reported use of garnets In mirror substrates, there
were several problems t~ be investigated and overcome before one could hope to use
GGG as a mi rror substrate. Firstly, the impro~red surface quality of GGG substrates
over fused sIlica is believed to arise from the type of polishing used for the GGG.
The GGG substrates initially Investigated were commercially purchased and had
received what Is now a standard chemical-mechanical polish using a Syton ( Ref 10)

• slurry. Since these initial wafers were intended for use as bubble domain substrates,
the flatness was very poor and usua lly one finds that the surface is saddled rather
than spherical wIth radii of curvature of less than 50 cm for wafers of GGG polished
for bubble domain applications. Furthermore, thn garnet substrates are typically
prepared to be less than 0.4 mm in thickness. Thus, the first part of this program
was to adapt the chemical-mechanical polishing technique to the preparation of flat
and re latively thick mirror substrate configurations while retaining the strain-free
fina l surface.

The second prohL~~L11 to be addressed was the coating adherence of standard
S102/T109 multilayer dielectric film s to the GGG substrate over temperature cycling
from -55~C to +71’~C. Finally, the qua ifty of the mirrors must be evaluated to decide
if the use of garnet single crysta l mirror substrates really help in reducing the lock-
band. For this we chose to measure the majority of the mirrors by inserting each
into an active ring laser and determining the lock-band of the instrument with the
specific mirror as part of the resonant structure. This technique Is not as easily
accompli shed as scatter evaluation , but since reduction of the lock—band Is the real
concern we decided to measure it as directly as possible rather than relying on a
theoretical connectIon between scattering and lock-band. As will be seen in Para
6. 2.3, this was a fortuitous choice since our data indicate that there does not appear
to be any simple connection between lock-band and mirror scattering for scattering
above 0. 05 percent.

1.2 PROGRAM ORGANIZATION

This program is being carried out as a joint effort by the Electronics Research
Center and the Autonetics Strategic Systems Division of Rockwell International. The
Electronics Research Center is a part of the Electronic Devices Division and the
Strategic Systems Division is a part of the Electronic Systems Group, all of which
are a part of the Electronics Operations of Rockwell International. Since the program
is a joint effort between two rather separated (organizationally but not spatially)
groups, the functiona l organization responsible for thi s project is shown in FIgure 1.
The Autonetics Strategic Systems Division Ring Laser Gyro Group, under Mr. S. G.
Shut t , Ms been involved with research and development of ring laser gyros since
1964. The Solid State Materials Research Branch of the Electronics Research Center ,

10. HT3O Syton; a product of Monsanto Corp.

3
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under Dr. J. E. Mee, has an extensive ba’~ ground in processing gadolinium gallium
garnet materials for bubble domain memory usage as well as in proces% $ng many
materials for optical applications and has been actively co-operating with the Autonetics
Strategic Systems Division in support of ring laser work for over two years.

The program management functions were handled by Strategic Systems Division
and the technical direction by Electronics Research Center personnel. A general
outline of the program is given below for orientation purposes in reading the remainder
of this report.

1. Garnet polishing

2. MLD coating

3. Coating adherence testing

4. Mirror evaluation

Dr. H. D. Henry of the Electronics Research Center acted as principal
investigator for this effort , providing the overall technical guidance for the prograir
and for this report. The authors would also like to acknowledge valuable contributions
by Dr. F. Vescial, Mr. S. G. Shutt and Mr. T. (Xis of the Strategic Systems Division
during the course of this work.

5
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SECTION II

GARNET MIRROR SUBSTRATE PR EPARATION

Sawn wafers of gadolinium gallium garnet for use in this effort were purchased
from Union Carbide Corporation in 5. 1 cm diameter form having nominalthicknesses
of 2 mm and 8 mm for use in fabricating 7. 75 mm and 11.9 mm diameter mirrors.
The smaller diameter was chosen to conform structurally with one of the standard
Spectra-Physics product lines and the larger diameter was cbosen to conform with
the structure used on one of the Rockwell ring laser gyros presently being fabricated
(Table 1). In the case of the smaller mirror , one change was made in the nominal
dimensions. The mirror thickness was decreased from the standard 4 ~nm to 2 mmin an effort to reduce the material costs. Since the Young’s modulus of GGG ~s

H three times that of fused silica, thi s increase in aspect ratio of the substrate still
yields a mi rror with higher structural resistance to bending than that of the standard
fused silica part.

Since the polishing of GGG is done on relatively soft surfaces , it was decided
to first polish the 5. 1 cm diameter wafers to obtain flatness and finally to core drill
and edge these polished 5. 1 cm wafers to obtain the requi red size mirror substrates
for this program. Sizing first and polishing last might have presented some problems
in obtaining mirrors with flatness better than 20 meters radius of curvature as
req uired for this effort.

Gadolinium Gallium Garnet (Gd3Ga5O12)- known as GGG was the substrate
material selected for this effort , for a number of reasons that will be pointed out
later. GGG is a standard substrate material used for epitaxial growth of single
crystal iron garnet films in the magnetic bubble domain technology in which Rockwell
is heavily involved. This near—perfect material has a complex cubic garnet structure,
with a melting point of 1720°C. Its chemical and mechanical stability is excellent ,
and It can be grown by the Czochralski growth method, the most widely used technique
for the production of high quality oxide single crystals. Large diameter single
crystals of sapphire , spinel, lithium niobate, silicon, etc, are typically grown using
the Czochralski process.

The hardness of the <111> surfaces of GGG is 7. 5 on the Moh scale and 1098
on the Knoop microbardness scale. Since this material is relatively low in hardness
it Is possible to use colloidal Si02 slurries to polish the surfaces directly from a fine
ground finish without the need for intermediate polishing steps. The harder single
crystal materials such as sapphire and spinel require that diamond be used for the• slicing, grinding, and polishing steps. Comparison hardness values of various
materials are given in Table 1.

To obtain flat and “damage— free” surfaces especially on thin crystals, the
damage induced during the slicing process must be removed. We have found that by
chemically etching the crystals we are able to prevent propagation of both thermal
and mechanical induced damage. Chemical etching of such crystals will also prevent
subsequent warping and/or bowing after the lapping and final polishing procedures.

7
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Table 1. Comparison of Uardness Values of Various Materials
of MOlt and Knoop Scales

— 
Substance Formula MOH ValUe Kn*op Value

Fluorit e CaF2 4 163

Glass (soda in.) — — — — 530

Fused Silica — — 5 5•S 600

Quartz Si02 7 620

Garnet Gd36e5012 7.5 101$

Spinal M~0A 2203 S 1300

Alu mina A2203 9 1600-2200

Diamond C 10 7000

Phosphoric acid , when used at 280°C is fairly rapid (12 ~m/min) etchant and
also produces a polished surface on as-sawn GGG wafers. Individua l crystals were
etched with the above solution using the beaker etching technique. Each crystal was
fi rst pre-heated for 20 mm above the acid solution and under a watch glass to avoid
thermal shocking. The crystal was immersed for a 2 minute etch—polish and post-
heated for 4 mInute above the acid solution.

The single-side lapping method was utilized during this investigation . The as-
sawn or chemically polished wafers are wax mounted onto a flat plate and lapped with
a 60. 0 cm Lapmaster, as shown in Figure 2. This machine has the capability of
providing lapped surfaces which are within 1 fringe of flatness over a 12 cm diameter
for a properly cond i tioned lapping pla te.

The purpose of lapping is to remove all surface damage incurred during sawing,
size to desIred thickness, and establish a flat surface prior to polishing. The lapping
steps will vary depending upon the severity of saw damage and/or initial wedging of
the wafers.

For the polishing, we used a standard Strasbaugh Model R6UR optical polisher.
as shown in Figure 3. This machine has a variable rotation rate polishing table on
which the polishing pad is attached. The polishing block rotates about a pivot point
of an oscillating arm . The arm throw and oscillation frequency are also adjustable.
Figure 4 shows a diagram of the machine polishing action.

A polishing plate which rotates about its center will not produce flatness of
wafers distributed across Its surface. Obviously the material toward the edges travels
a greater distance across the polishing pad. Some correction for this condition can
be accomplished by the random motion of the arm as shown in FIgure 4. However,
the greatest correction can be obtained by controlling the dwell time of the outer
wafers on the polishing pad Itself. Figure 5 is a diagram showing the configuration
used for this work in which the arm motion controlling the position of the polishing
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Figure 2. Twenty-four Inch Lapmaster
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FIgure 3. Strasbaugh Model R6UB Optical Polisher
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Figure 4. Strasbaugh Optical Polishing Machine Action
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block Is such that the outer wafers are off the edge of the pad for a portion of the
rotat ion cycle. Therefore , for a specific wafe r arrangement on the block , polishing
pad diameter and machine throw arm adjustmen t , flatness of the wafers across the
polishi ng block can be obtained.

Our laboratory has for years specialized in chemical—mechanical polishing
tech niques of single crystalline, polycrystalline, and amorphous materials for
elect roni c and optical use. Although little has been published about the polishing
mechanisms, we have found that the chemical-mechanica l polishi ng media composi-
tion must have the proper ratio of mechanical to chemical material removal for fla t
smooth damage-free surfaces. This process when properly implemented has been
found to produce damage — free surfaces. The mechanical polishing process always
results in extensive surface damage that is made visible by etching the final surface.

Other polishing variables to be considered in order to produce flat damage-
free surfaces are as follows:

1. The polishing pad for the machine must have sufficient “hardness ” to
minimize wafer edge rolloff and development of convex surfaces. The
wear characteristics of the pad are also important so that the overall
process is kept constant. We use Pellon Pan-W (Ref 11) pads for the
processi ng of flat GGG wafers.

2. Wafe r loading (i. e., grams/cm 2) must be such that the proper ratio of
chemical to mechanical material removal is maintained.

The polishing fixture , as shown in Figure 6, used for this work has three
adj ustable feet with sapphire (A2 203) pads which help maintain proper parallelism
and flat ness during the lapping and polishing process. The surface of the polishing
fi xture is flat and highly polished to afford a good refe rence surface for the mirrors
and to minimize the quantity of low temperature wax required for mounting.

For this work the GGG wafers wore wax mounted on the polishing fixture , and
A 2203 feet roughly adjusted to the same plane as the wafer using a Starrett height
gauge. A tent h wave optical flat was then placed on top of the A2~ Oq feet. Under a
monoch romatic Light source the feet were readjusted until a symmefri c fringe
pattern was obtained. Befo re lapping the feet are lowered (below wafer surface) by

25 in. using a height gauge . The samples were then lapped on the first side to a
3 to 5 ~m surface finish. A brief polish was then initiated on the wafer surfaces so
tha t re flections can be observed using the monochromatic light source of the Model
D305 Davidson non—contact Lnte rfe rome ter. Both wafe r flatness and reference to
the polished plate can be observed by this method. After the planarity of this first
side of the samples Is established the wafers are turned over and the process repeated.
During the lapping or polishing of this second side a change in the center of mass of
the wa fe r holding fixture can be used to correct a non-pa rallel condition.

The fi rst group of three 5. 1 cm x 2 mm thick as-sawn GGG subst rates were
wa x mounted equally-spaced around the periphery of a 13.4 cm stainless steel
poli shing fi xtu re , as shown in Figure 7.

11. A product?~~ Pellon Corp. , Lowell, Mas s.
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Figure 6. Polishing Fixture with Sapphire Pads

Figure 7. Polishing Fixture with Three GGG Substrates
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The set was selected on the basis of having the deepest saw damage as well asthe most wedging (51 Mm) from side—to-side for our experiment. ft became necessaryto start the initial lapping with 20 ~m A2203, progressing through 12 Mm A2203, andfinally to a 5 ~m A~2O3 abrasive slurry.

A total of 102 ~m of material was removed by the lapping process as can be
seen in Table 2. Table 2 allows one to quickly see the different processing treatmentsgiven each group. For example, groups I and U were lapped from the as-cut condition ,
while groups 111 and IV were H3P04 etched fi rst and then lapped starting with 12 pmA2203.

For the polishing, a slurry of Nalco 1060 SiO and 0.25 pm diamond was tried.
After polishing for 12 hr, and intermittently replac~ng the pad, only 25 ~m of material
was removed. Faint shallow surface scratches were easily detected at 11OX, usingthe Nomarski technique. A slurry of 1060 Sb 2 and 1120 was then tried for 15 hr andfinal polish with Syton Si02 and H20 for another hour. The last 16 hr of polishingremoved an addItiona l 25 p.m of material. Processing of the second aide was done inthe same manner as the first side. Final results achieved after processing both sidesexceeded those requi red by the cont ract work statement . However, it is understandablethat the time spent to produce these flat damage-free surfaces is too costly.

Group II was processed slightly different than the first group. The threeGGG wafers used in this group were sliced better and did not exhibit any bowing or
tapering. Initial lapping was done wIth 12 p.m A2 203 and then with the 5 p.m A2203 

—

to remove 75 pm of material. Polishing of the first side of this group was the same
as Group I, with the exception of the final hour using Syt on Si02 . For the fInal hour,the Ph of the Syt on slurry was dropped to 1. In processing the second side, as can be
seen in Table 2, we did not use the 1060 Si02 and 0.25 p.m diamond polishing mixture.
We used 1060/H 20, and dropped the pH to 1. Material removal rates turned out to
be even greater than with the 1060/diamond mixture. Additiona lly, the surface finish
is superior to the above mixture.

For group 11!, it was decided to H3P04 acid etch-polish the GGG blanks beforefu rther processing. The crystals were etched for 2 mInutes in phosphoric acid at 280°Cremoving 25 pm of material from each side. These crystals were etched because of
some noticeable minor warpage and/or strain in the GGG material , even though these
slices were thick. Etching of crystals will also prevent micro edge chipping duringthe lapping and polishing sequences.

On this group, we were able to lap with an even finer (3 p.m A2 203) abrasive
than the previous groups, due to etching of the crystals. The total material removedIn lapping was reduced to 50 p.m versus 75 p.m and 100 p.m on the previous two groups.
Besides etching of crystals and the 3 pm A2 203 lapping steps, the rest of the process
remained the same as Group II, side 2.

The fourth group consisted of 7.9 mm thick GGG crystals. This group was
processed the same way as the previous one; however, a more detailed explanation
will be given to best unde rstan4 the so—fa r established procedure. Each crystal was
H3P04 etched for 2 mm in the same manner as explained previously, removing50 p.m of material from each side. The etching produced a smooth surface finish
even where the saw marks were evident from the slicing. The lapping was started
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using 12 pm A 2203, and progressing in steps to the 3 pm A2 2O.~ abrasive. A total of
50 pm of material was removed in lapping in —6 hr being careful to have the proper
height adjustment on the feet to ma1n~a1n parall elism.

Adjustments on the optical polishing machine were kept constant throughout the
processing of the four groups. A 26 cm diameter base plate to which the Pellon Pad
was attached , was used. In order to maintain the bullseye (fringe pattern) in the
center of each GGG blank, the pad diameter was either increased or decreased in
size, periodically. Optical techniques generally call for machine adjustments to
control the test (fringe) pattern on the part being polished. This method works well
for optical parts since microscratches normally do not create any problems. In our
work we find that we create a semi-scratchy surface when we make a major machine
adj ustment .

After the 5 cm wafers were polished using these techniques, the mirror
substrate shapes were obtained by diamond core drilling and diamond edging to the
required diameters. This procedure left the cylinder edges in a rough ground state
and as will be seen later, this caused severe problems In obtaining good mirrors
and for the most part , completely prevented obtaining good mirrors for the smaller
diameter mirrors. As is usually the case where one is investigating a new area ,
this seemingly disastrous result was actually fortuitous since it provided mirrors
with a wide range of scatte ring for comparison with lock-band measurements.

The description of the cleaning procedure will be delayed for now and will be
covered in Section IV since each coating batch received different treatments.

15
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SECTION III

MULTI .LAYER DIELECTRIC COATING DEPOSITION

A total of 74 mIrror subst rates received multi—layer dielectric coatings during
the duration of this program , six of which were fused silica and the remainder being
garnet mirror substrates which were prepared as previously described. Twenty- four
large ga rnet mirrors were prepared and 50 small garnet mirrors were prepa red.
Now this Is six more of the larger garnet mirror substrates than were actually pre-
pared. In the case of the larger size , thi s was accomplished by repolishing the
mirrors after they had been previously coated.

Four separate batches of mirror subst rates were coated for this program by
three different sources. The coatings were all made for p-polarized light and an
angle of incidence of 30 deg. It was necessary to choose the p—wave rather than the
s-wave because Brewster angle prisms were used instead of mirrors on two corners
of the ring laser that was used for mirror lock-band evaluation . Typically, thi s
means our measured lock-bands will be highe r tha n would have been obtained if the
s—wave had been chosen (Ref 12). But the convenience of having only one mirror in

- - the ring was Judged to out-weigh thi s inconvenience. The main thing one needs to keep
in mind is that one must be carefu l in comparing our values to those obtained by other
workers if the s-wave were used for the other measurements. For instance , a mirro r
which has a lock-band cont ribution of 100 deg/hr for the p-wave might only have a
contribution of 30 deg/h r for the s-wave depending upon the source of the contribution.

The various coating batches are designated in Table 3 along with the pertinent
information describing the coating parameters. The important thing to note for
evaluation purposes is tha t only the mirrors provided by Optical Coating Laboratories ,
Inc. (OC LI) were evaluated using scatterometer techniques. These are batches HI
and IV. Batch II was the only group coated for 1. 15 pm and none of these mirrors
could be evaluated with the test -bed ring laser. For these mirrors, magnesium
fluoride was used instead of silicon dioxide. Although several quarter-waves of MgF2can be safely deposited on garnet , It was found that more than four quarter-waves
caused fracturing of the MLD coating. All 12 of the 1. 15 pm mirrors exhibited
severe fracturing and so only Batches I, HI and IV were evaluated for this program.
Most of the substrates from Batch II were repolished and used for obtaining large
mirror substrates for Batch IV.

The cleaning procedure used for the substrates prior to MLD coatings for
Batch I was simply a careful wiping of the surface with lens paper wetted with spectro-
photomet ric grade acetone and a flushing of the surface with dry nitrogen just prior

• to loading into the vacuum chamber. The same procedure was used for Batch H.

The cleaning procedure used for Batch III is not known in detai l since It In-
volved some OCLI proprietary procedures. The garnet substrates were initially
immersed in boiling acetic acid , then boiling 10 percent nitric acid , water rinsed
and then cleaned In the normal OC LI procedure used for degreasing fused silica
mir ror substrates.

12. M. L. Scott and J. M. Elson , to be published .
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Table 3. MLD Coatings Performed for This Program

Tra nsmission
Coating Incidence (p•wm,e ) Scatter No. of
latch Vendor Wavelen gth Angle (deg ) (Percent ) Measurement Mirror s

— 

I Spectra Physics 633 30 0.2 No 18

II Rockwell 1152 30 1.5 No 12

III OCLI 633 30 0.2 Yes 22

IV OCLI 633 30 0.2 Yes 22

The cleaning procedure for Batch IV is known in detail and it consisted of
adapting our standard bubble domain materials cleaning procedures to the two
different mirror substrate shapes. A standard photoresist spinner was changed to
accommodate the mirror substrates by using a small 0-ring to vacuum seal and
mount the mirror substrates as shown in Figure 8. The spinner is opera ted at 2000
rpm while the top mirror substrate surface is physically scrubbed with polyure thane
and various liquids. The order of the cleaning fluids used are trichloroethane, an
alkanox—NaOH solution, deionized water and isoproyl alcohol. The times used
were 30 sec, 30 see, 60 sec and 30 sec respectively and it is important that the
surface is not allowed to dry until the final isopropyl rinse. This procedure has
consistently produced bubble memory devices with less than two detects per square
centimeter and microscopic examination of mirror substrates cleaned in this fashion
verified that very low particle densities were obtained for these substrates also.

.4

FIgure 8. Photoreslst Spinner Used for Cleaning Mirror Substrates
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SECTION IV

MIRROR COATING ADHERENCE TESTING

The MLD coatings used in the prepa ration of the garnet substrate mirrors isthe same as Is used for coating fused silica substrates. The exact details of thestructures are not known and presumably vary from one coating vendor to another ,but in all cases the materials used were Si02 and Tb 2. The most important pro-perty of the MLD coatings is that they contaii alternate qua rt erwave stacks of thesematerials , with a few layers presumably being nonquarterwave to suppress 3. 39 ~mlasing of the ring. The adherence of these MLD coatings have never been evaluatedwhen deposited on garnet surfaces and so it was necessary to test the coating
adherence in this program.

The test decided upon is in no way comprehensive and meets no militaryspecifica tion to the author ’s know ledge . Rather , it represent s the minimum adherencerequirement for a mirror coating for use in a ring laser gyro in the opinion of theprogra m investigators. This minimum requirement is that no appreciable deforma-
- - tion of the coating occur after several temperature cycles over the range of -55°C to+75°C.

The first set of eighteen 7. 75 x 2 mm mirror substrates were coated by Spectra-Physics. Nine of these coated mirrors underwent the coating adherence tests. Thetemperature cycling was provided by a Stratham temperature chamber in conjunctionwith a &ratham Rate Programmer PR-li . The test involved five temperature cyclesof 25°C to -55°C to 65°C to 25°C at a rate of 5°C/mm . The first two temperaturecycles did not result in any observable change s in the mirror coatings, but after threecycles the coatings started to peel at the edges of the mirrors. The Nomarski
photographs for samples 1, 2 , 3, 8 through 13 are shown in Figures 9 through 17 ,respectively . -

After five temperature cycles no further degradation was observed. These areshown in Figures lb through 26. Figures 18 through 21 show the same areas as
Figures 9 through 12, respectively. The general appearance of the edges of sample9, 10, 11, 12 and 13 are more or less the same , therefore, Figures 22 through 26are just the general appearance of the edges of these mirrors after five temperature
cycles and are not necessarily the same spots as Figures 13 through 17, respectively.

The peeling of the coatings only occurred near the edges of the mirrors anddid not propagate more than 100 ~.&m from this edge . Therefore , we feel that the MU)coatings of S102/Ti02 on ga rnet subst rates can be considered to have passed theminimum adhesion test requirements as set forth In this program.
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Figure 9. SampI~• No . 1 — Afte r 4 Cycles

Figure 10. Sample No. 2 - After 3 Cycles
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Figure 11. Samp le No. 3 - After 3 Cycles

it
Figure 12. Samp le No. M - After  3 Cycles

21



P.— - -
~~ 

- - -
~:r-.-7

---• 
~
- - -~~~~~=.• . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~ 

-

Figure 13. Sample No. 9 - After 3 Cycles

~::

~~~~ Figure 14. Sample No. 10 - After 3 Cycles
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Figure 15. Sample No. 11 - After  3 Cycles
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Figure 16. Sample No. 12 - After 3 Cycles
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Figure 17. Sample No. 13 - After 3 Cycles

Figure 18. Sample No. 1 - After 6 Cycles
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Figure 19. Sample No. 2 - After 5 Cycles
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Figure 20 . Sample No. 3 - After  5 Cyc les
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Figure 21. Sample No. 8 - After 5 Cycles
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Figure 22. Sample No. 9 - After 5 Cycles
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Figure 23. Sample No. 10 - After 5 Cycles

FIgure 24. S~imple No. 11 - After 5 Cycles
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Figure 25. Sample No. 12 - After 5 Cycles

Figure 26. Sample No. 13 - After 5 Cycles
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SECTION V

MIRROR EVALUATION

The evaluation of the mirro r coatings on the fused silica and garnet substrate swas performed using microscopy , scattering measurements and measurements of the
H 

- lock—band of a test—bed ring laser containing the specific mirror. Afte r a briefdescription of each technique , the results obtained on some of the mirrors are pre-sented in the following sections of this report.

5.1 MICROSCOPY

The MLD coatings were eva luated using Noma rski interfe rence microscopy andsca nning electron microscopy (SEM). The latter is used to evaluate the general sur-face roughness , Ignoring any obvious large particle contribution to the surfaceroughness. In a sense , it represents the type of su rface tha t one could obtain if allthe cleaning problems could be overcome. The Nomarskl interference microscopyreveals the optical roughness while the SEM reveals physical roughness only.

The Nomarski technique is based upon reflecting light from the sample surface
and mixing this light with that from the same source. Relative phase shift s are trans-
lated Into Intensity variations via the mixing and the image obtained has a threedimensional appearance with shading occurring as though one were viewing the objectwith side ligh ting. Either refractive index variat ions or physical thickness variations
will appear as recessed or raised areas, It is an excellent and rapid non—destructive
method for viewing optica l roughness on the 1—30 tm scale.

The surfaces of two mirrors from Batch I are shown In Figure 27 and 28. Thesemirrors have , respectively, been fabricate d using a garnet mirror substrate and a
fused silica substrate. Note the improvement In the optical roughness that was obtainedby using the garnet mirror substrate. Several of the garnet substrates were examinedfrom all mirror coating batches and Figure 27 represents the typical result. Of thethree fused silica substrates fro m Batch I , all showed the generally mottled surface
as depicted In FIgure 28. However , for the three fused silica substra tes used inBa tch Ill , none of these mirrors exhibited this mottled appearance. Presumably, thisdifference is from the diffe rence In vendor coatings, since all six fused silica sub-st ra tes were purchased from the same vendor at the same time.

Only two MLD coatings were investigated using SEM techniques. Since all thematerials involved in the laser mirrors used for this progra m are dielectric insulators,It is necessary to evaporate approximately 200A of gold onto the surface being
investi gated. This can be considered a destructive test since It is never really clear
that one can remove the gold without da~maglng the MLD coating. One fused silica and
one garnet mirror from Batch I were eval uated using the SEM technique. The results
of this  l imited study were In agreement with the more ccmprenensive study done prior
to the sta rt of th is program. The general surface features of the fused silica andgarnet mirror are shown in Figure 29 and 30 respectively. As before , a decrease insurface roughness is quite apparent for the garnet substra te.
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Figure 27 . Nomarski Photograph of a Ga rnet Mirror

Figure 28. Nomarsk i Photograph of a Fused Silica Mirror
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Figure 29. SEM Photograph at 25, 000 N of a Fused Silica Mirror

Figure 30. SEM Photograph at 25,000 X of a Garnet Mirro r
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5.2 MIRROR SCATTERING MEASUREMENTS

The main source of scatt ering in a ring laser arises from the three or more
path defin ing mirrors . The ideal mi rro r would have no scattering but this is not the
Case for present stat..; of the art MLI) laser mirrors. The scattering contribution is
usually between 0.01-0.3 pe rcent for .633 ~m coatings and this phenomenon Is believed
responsible for the large phase-locking region observed in ring laser gyros. One can
understand qualitativel y how this phase locking is related to the amount of back-
sea ttered radIation by considering the effect of injecting a small signa l into the pha se-
locked loop of any oscillator. For a large enough Injected signal, the oscillator will
become synchronous with the injected signal. At wha t point this occurs depends on
the a mplitude of the injected signal and the gain of the oscillating loop. A somewha t
more useful semi-quantitative picture of the relationship between back-scattered
radiation and the phase locking tha t occurs in a ring laser can be seen by following the
simple uncoupled approach of Aronowltz (Ref 2) .

For no backscattering, the relationship between the instantaneous phase difference
of the counter rotating beams and rotation rate is given by

8it A S~ 3X L  ( )

For the simple case of scattering of only one beam into the direction of the other , the
phases of the counte r rotating beams can be represented as depicted in Figure 31.
The coordinate system rotates with the phase of the electric field E 1, E 1 and E 9
represent the amplitudes of the two beams. r2E2 represents the amplitude scaftered

r2E2 SIN (
~
,4P)—~~._.4 

/
I 1r2E2

FIgu re 31. Phase Diagra m for Frequency Pulling
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along the direction E 1. ~~ is the Instantaneous phase diffe rence and ~ is a phase shiftarising from the scattering. The change In phase of E 1 per pass La just rir and since
the frequency must change to keep a resonant standing wave in the cavity this fre -quency shi ft Is just

-a t~ = - sin (p  + 
~) (4)

where t (= c IL) is the time per pass. Equation 3 must be changed then to

= 
P - A

[~ 
~~~~ 

sin (4i +~3) J (5)

r E c
wi th i2L = _ _ _ _ _

The quantity 
~~ 

is what is referred to as the lock-band2and as can be seen it
depends very slowly on the value of the scattered intensity (r2). For some representa-
tive val ues of beam diameter of 0.05 cm , path length of 60 cm, wavelength of 633 pm ,
total uniformly scatte red intensity of 0.01 percent and assuming a diffraction limited
solid angle as effective in beam coupl ing one obtains an estimate of £2 L of 222 deg/hr.
Since this Is the right orde r of magnitude, i t seems to justif y the statement that lock
band is caused by scattering. For later purposes, the only important point to note is
that there should be a linear relationship between and ~/~~ where r2 is the
scattered intensity.

Measurement of this scatte red Intensity is obviously an impo rtant parameter to
the final lock-band that a ring laser gyro will have and one of the vendors (OCLI) used
for obtaining MLD coatings for thi s program routinely provides such measurements
for mirror coatings fabricated for use in ring laser gyros. Since coating Batches UI
and IV were obtained from this vendor , scattering measurements are available for
each mirro r which can be used In conjunction with lock-band measurements to investi-
gate the relation between r8 and 

~ L• Again , the exact details of the scattering
measurements are considered proprietary by the vendor but a general descrIption of
the scattering measurements can be given.

For our mirrors, a p—polarized 633 nni He/Ne laser beam of diameter 0. 1 cm
is reflected from the surface of the mirror and scattered light is collected at an angle
of 17 deg greater than the direct reflection.. This intensity Is then converted using a
proprietary relation between this Intensity and that of the total scattering. The validity
of this procedure is unknown and the numbers provided were simply taken at face value.
Nevertheless , it seems reasonable tha t the backscattered radiation will be aomehow
linearly connected to this quoted value and since we are only concerned with relative
values of scattering, it is reasonable to use these measurements.

The scattered radiation is measured in the mirror center and in four poaltions
which are located approxImately 0.13 cm from the center and spaced by 90 deg rotation.
For each spot, the mirro r Es rotated through 450 deg In the mirror plane. The scatter-
ometer recordings for the mirrors of coating Batches HI and IV are included in
Appendices A and B respectively. An example of such a recording Is given In Figu re 32.
The trace labeled (A) is for the center of the mirror and the recordings labeled (B), (C),
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FIgure 32. Scattering Traces for Mirro r BB

(D) and (E) are for the other four positions. The vertical axis represents the scattered
intensity and the horizontal axis represents Incremental rotation in the mirror plane.
All scattering measurements are made In this order so that the first trace always
represents the mirror center.

5.3 TESTBED RING LASER

It was decided at the onset of this work tha t the only reliable test for judging
that mirror Improvement was being made was to measure the contribution of each
mirror to the ring laser lock-band. The-mirror of interest would be incorpo rated
into an operating rlngilaser and the lock-band of the ring laser measured by some
means. Originally, it was thought that the simplest solution would be to have a
paramagnetic Faraday cell in the ring and modulate the bias to observe the residual
biases and lock—band. However , later it was decided to use a mechanical dithering
to extract the lock-band. The advantage of the mechanical dither over the Fa raday
cell is that one will always have a smaller total instrument lock-band for the mechanical
dither since it is a clear aperture technique.

There are disadvantages to using a lock-band measurement to evaluate mirrori.
The most Important one Is that the measurement gives no insight into why one mirror
is better than another. Furthermore, it is not an easily Implemented technique since
it involves mounting the mirror , timing the ring laser and attempting to make the
measurements in as short a time as possible to reduce the effects of dirt accumulation
after cleaning of the mirror. Nevertheless, It appears from the results of this Investi-
gation that the choice was a good one, mainly because these results seem to indicate
that no present evaluation technique is clearly related to Lock-baud.
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The ring laser used for these measurements is shown in Figure 33. The
instrument was built by this labora tory for the testing of ga rnet Fa raday cells and was
easily adapted to handl e this mirro r evaluation. The instrument contains a plasma
tube sealed by two Brewste r angle prisms , one of which has a 200 cm radius of
curvature surface. The bore size is 0. 2 c m  and the instrument lases at either 633 nm
or 1152 nm. For this project , onl y 633 nm operation was used since the mirrors
made for 1152 nm had fractured coatings. The plasma gain section is 15. 24 cm in
length , having a split cathode to reduce residual bias. For this work , the plasma
current was nominally 3. 5 mA. For the 633 nm line, the beam at the spherical surface
is app roximately circular with a diamete r of 0.079 cm. The gain section was filled to
4 to rr with a 13 to 1 He3—Neo n mixture with the Ne 2° to Ne22 ratio being 52 to 48.

The third corner of this p—p olarized ring laser is occupied by the mirro r tha t is
to be evaluated. The only path length control is located at this corner. Four controls
are provided for moving the mirror - translation along the gain tube length , translation
orthogona l to the gain tube length and the standard two mirror tilt directions. No
vertica l adjustment of the mirro r was provided .

Mode control was provided for by inclusion of a variable aperture. In practice ,
this aperture was not used. It was found tha t one could select single mode ope ration
through mirror  movement and only wi th single mode operation could one observe the
beats used to measure the lock-band. If one could make the measurement one was
assured of single mode operation. Undoubtedly, the oversized bore was responsible
for this mode selection ability of the instrument. Of course, it is not clear tha t it
was the TEM

0Ø that was excited but it really doesn ’t matter that much to this investi-
gation which mode was being used. It is mainly a comparison test between mirrors
that is of inte rest.

5. 3. 1 Dithe r Table

Two diffe rent techniques were used with the ring laser in attempting to extract
the lock-band of the instrument with the various mirrors. One was the direct techn ique
of mounting the ring laser on a rate table and measuring the rotation needed to unlock
the ri ng. This is described in Pa ra 5.3.2. The othe r techn ique to be described here
was the applica tion of a sinusoidal mechanical rotation via a piezoeiectric driver
flexure. The analysis of this type of data is not really straightfo rward even in the
ideal case. The equation describing the phase difference of the two counter rotating
beams is

8ir A
= 

~~~~~~~~ ~ 
+ sin (2 tT ft) — sin (4i -* (6)

where £2,~ is the peak drive rotation , f is the frequency of oscillation and all other
pa rameters are as previously defined. The ring will go in and out of lock in a very
non—linear fashion depending on the value of both £2 0 and 12L and one must simultaneously
extract both parameters from the time variation of ~~. This was attempted , but
numerical solutions of Eq 6 indicated the logical situation as shown In Figure 34. One
expects the waveform to invert on the negative haLf cycle but the actual variation of the
beam in tensity (of either beam) is shown in Figure 35. Although the waveform s of the
two beams were inverted , the beams did not show wa veform inversion on the negative
half cycle and hence usin g these signals to obtain quan t i t a t ive  results is qui te  suspect.
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Figure 34. Calculated intensity (Vertical Axis) vs Time
(Horizontal Axis) Using Eq 6
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Figure 35. Upper Curve is Relative Rotation Angle vs Time and
Lower Curve Is Beam Intens ity vs Time
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The only reasonable explanation seems to be tha t movement ol th e mir ro r is
taking place with respect to the prisms because of the angula r aceele r at i ons of the
table. To check on this , a solid body ring laser gyro was put through the same tests
and as expec ted, signa l inversio n was obtained. h ence , the dither table techniqu e
coul d not be used to extract the lock band with this open air , non -rigi d test bed ring
laser.

The advantages tha t would have been gained in using the di ther  table approach
were that it could be mounted on an air  suspension vibration—fre e table and the entire
apparatus was small enough to be contained in a dust-free enclosure. The question
of how to handle the angular acceleration obviated its use however.

5.3. 2 Rate Table Measurements

The approach finall y adopted for making the lock band measurements was to
mount the ring lase r on a standard rate table and to use uniform rotations to extract
the information. This did impose some problems of cleanliness and vibration , but
these seemed more easily dealt with than the ones associated with the di ther  table.
Cleanliness was a problem because the ring laser was open to the room on the ra te
table. Nor mally, the ra te table is only used to make measurements on closed ring

— laser gyros and dust is not a problem as it is with this open air  cavity . The onl y
answer for this project was to make the measurements as quickly as possible after
cleaning the mirro r surfaces to prevent accumulation of dust . ~ Miti onall y, the pr ism
surfaces were cleaned afte r six mirro r measurements. The time needed for making
the measurement afte r cleaning the mirro r was only about 10 mis, wi th the majority
of this being spent in mounting the mirror and aligning the laser.

The second proble m encountered was tha t a high level of vibration exists on
this rate table, It was high enough to unlock the ring laser if the ring laser was
clamped to the table. To isolate the ring lase r , approximated 0. 5 cm of polyurethane
foam rubber was used between the table and the ring laser. This reduced the vibration
level by a factor of 20, but one still had to allow for the vibration in the measurements.

The measurement procedure adopted was to clean the mirro r , mount it and
align the laser with the table rotating to maximize the beats on the single beam
intensity. Then the minimum rotation needed in both directions for unlocking the laser
was measured. Additiona lly, the maximum rotation needed in both d irections to keep
the noise from locking the ring laser was measured. The difference between the
minima and maxima is taken to be the rotational noise and the lock band is assumed
to be loca ted half way between these two values. This may be an ove restimate of the
lock—band , but again we stress that we are more interested in comparison values ,
rather than in quoting some best number. The results should at least allow compari-
son of mirrors  although the value of the lock-band may be wrong by some multipl i-
cative number, It should be noted that with the noise measured this multiplicative
constant would only be 20—30 percent d iffe rent from unity, so our values are not
grossly in error.

5.3.3 Test Results

Mi rrors from coating Batches I , III and IV were evaluated using the testbed ring
laser in conjunction with the ra te table measurement techn ique discussed in Para 5. 3. 2.
For the mirrors from Batch I , no scattering measurements were provided by the

38

4 



• - L:•~ - -
~ 

-
~~~~

vendor so only the lock-band data are available. No comparison of mirror scatter
w ith the measured lock—band is possible for these mirrors and so only the mirror
designation and lock-band are listed In Table 4. The mirrors with a G or GS designa-
tion have a garnet substrate of dimensions 7.75 mm diameter by 2 mm thick and S-i
and SS-1 are fused silica substrates that were simultaneously coated. The dImen-
sions of the fused silica substrates are 7. 75 mm diameter by 4 mm thick.

The only util ity of the data from coating Batch I is that it demonstrates tha t
nothing was gained by using ~he garnet substra tes. The ave rage value of lock-band
obta ined for the fused silica mirrors is actually lower than the ave rage for the ga rnet
mirrors. But remember tha t for this first batch , we found with Nomarskl microscopy
and scanning electron microscopy that the overall surface textu re was considerably
better for the garnet mirrors (Pa ra 5. 1). What this means is that the scattering is
from the particulate matter tha t was on the substrate prior to deposition of the MLD
coat ing. It is the first indication tha t we have a cleaning problem in substrate pre-
paration but as will be seen it is not, unfortunately, the last time we will see this.

Table 4. Batch I Mirrors

Total Lock -Sand
• Mirn, Ostqoation tdsi/kr)

S-i 454
55-i 552
CS-i 662
CS-i 550
6-1 567
Cl 464
6-3 537

For the mirrors from coating Batches III and IV scattering measurements were
performed on most of the mirrors so that a comparison of the scattering values and
lock-band measurements can he made. The substrate cleaning problems that occurred
with the first coating batch continued and the net result is that only four mirrors of
the smaller size had scattering values below 0. 05 percent. For the larger mirrors,
all except one had scattering less than 0.05 percent and the only exception was loaded
with the wrong side toward the source. This seems to indicate that the cleaning
problem arises from the close proximity of the edge of the mirro r substrate. . It now
seems likely that it was the ground sides of the mirror tha t were responsible for the
contamination of the substrate surface.

• For this reason, we will discuss the results of the lock—band measurements
according to the mirror size rather than just coating batch. As will be seen , this is
roughly equivalent to dividing the mirrors according to scattering value, with the
dividing value being 0.05 percent.

For the larger mirrors which were all on garnet substrates, the substrate
dimensions were nominally 1. 19 cm diameter by 0. 79 cm thick. The results of the
lock-band and scattering measurements are shown in Table 5. The scattering values
in parts per million (ppm) are given for the averaged center trace and the plus and
minus range values represent the possible extremes that could arise if one were
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Table 5. Larger Garnet Mirrors Characterization Data

Lick-Saud Sictw (,~
)

MI, , O.~usd.a làØr) (0..)

1L 67$ 32S~~
1

IL Ml

3L SM

IL SM IIIS~~~

IL III 2M~~~
IL 11$ ISS I~~
AA MI 3N ,~ - -

$1 57$

-: CC 51$

00 554

U 543 11S

FF 554 I5S~~~

Tkss Pr~~ s 112 —

using other than the center of the mirror for the lock-band measurement. These
values of the extremes are arrived at by averaging the rotational values at the other
positions. We have taken an average value of the scatter at each position because no• indexing is provided for correlation of angle between the -mirror and the scattering
trace.

• The value of lock-band for the ring laser obta ined with three prisms (no mirror)
is shown to be 612 deg/lir. This is a rather high value for a 60 cm ring laser and is
believed to arise from the poor quality of the fused silica used in making the prisms.
One can actually observe scattering of the beam throughout the prism volume,
Indicating a large index Inhomogeniety. It was hoped that the scatter ing from these
prisms would be much less than that of the test mirrors, but Instead ft seems to be
comparable.

In FIgure 36, the lock-band Is plotted aginat the value of scattering. The dark
circle represents the lock-band and average mirror center scattering and the various
shapes represent the possible deviation from these values for that mirror. Except for
the mirror with Large scattering, the data indicate nearly a linear relationship between
scattering (ri) and lock..bend. But recall that from Pare 5, 2 one expects Instead
for to depend upon r~ as
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Figu re 36. Lock—band Scattering Intensity for the La rger Garnet Mirror

c2L OrJ
~~~ (7)

In Figure 37, the same data is plotted assuming Eq 7 above and as can be seen,
the errors are sufficiently great tha t one cannot really say that the fit is any better.

- - Really, about all that can be said is that the data indicate an increasing lock-band for
increasing scatter, with perhaps a l inear or square root dependence upon scattered
intensity. This might seem like a rather weak statement, but as will be seen from
the data on all mirrors, this Is a relatively strong statement to make. Not even a weak
correlation is observed for mirrors with scattering greater than 0.05 percent.

For the small mirrors, the scattering values were, generally greater than
0.05 percent and as will be seen, no correlation between measured lock-band and
scattered Intensity was found. The values of total lock-band and scattered intensity
for the center of each mirror are given in Tables 6 and 7 for the small mirrors of
Batches III and IV respectively. For Batch III (Table 7) the mirrors designated FS1
and FS2 are fused silicon substrates and as can be seen, the values of scattered
intensity and lock-band are lower than for the average garnet substrate. This probably
occurred because these two mirrors did not have ground sides and so were cleaner
than the average garnet substrate prior to deposition of the MLD coating.

The important result is shown in FIgure 38 in which total lock-band Is plotted
versus scattered intensity. The triangles represent the largest mirrors (AA , BB, CC ,
DD, EE and IF), the squares the fused silica mirrors and the circles the small
garnet mirrors. It seems quite apparent from Figure 38 that no correlation exists
between the measured lock—band and the value of measured scatter for the mirror.
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Figure 37. Lock-band vs Scattering Amplitude for the Large Garnet Mirrors

The line used in Figure 36 for the large mirrors is included in Figure 38 for
comparison purposes. Rather the da ta seems completely random, with some of the
mirrors with the highest values of scatter having the smallest lock-band. However,
it is Important to note that the repeatability of the measurement for the mirrors is
much better than one needs to describe this random pattern of data, Measurement of
10 mI rrors a second time yielded values of lock-band within ±60 deg/hr of the pre-
viously obtained values. One needs errors In repeatability of four times this to account
for this problem.

The results of the lock—band and scatter measurements for the small garnet
mirrors of coating Batch [V are shown in Table 6. No fused silica substrates were
coated for Batch IV. This data is plotted in Figure 39. This data is a little more
suggestive than that for Batch III. From Figure 39 one sees that for scatter less than
0.05 percent, the re appears to be correlation between scattered intensity and lock—
band and that for values of scattered intensity above 0. 10 percent this correlat ion
breaks down completely.

From this discussion, one might conclude that it must be the scattering measure-
m ent that is In error. But four mirrors were returned to the vendor out of coating
Batch IV and the scattering measurements repeated. While the traces did not appear
Identical, the average features were the same as those of the previously run traces,
so that the scatter ing measuremsut at least does not have repeatability errors. And,
of course, scale factor errors In scattering are not really of interest here. Thus It
would appear that neither measurement has errors large enough to account for the
behavior seen in this program.
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Table 6. Lock-Band and Scattering for Small Mirrors from Coating Batch Ill
Lsck-Iaud $c~~, (r~)

DisI aatISn (d Ør) (pp )

A 545

C 504 11N~~~s.
F 52$ 1NI~~~~
F 661

5 432 7N~~~
H 443

J 471

L 479

H 515 5IS i
3~~

0 526

P 490 •oo ?3j1
FSI 453

FS2 490 2S0~~~

Table 7. Lock-Band and Scattering for Small Mirrors from Coating Batch IV

Mwror Lock-Band Scattuf (ri)
DNq.ution (dsØr) (ppm)

26 497 1700 ?~~
36 620 1oo ,~b0

46 411

55

15 750 45I~~I~•
$6 500 330:?
55 472 2IS0~~

• 166 134

125 921 30OS~~~~
146 599 1100~~~~
155 56! 1S00~~99 J
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FIgure 38. Lock—Band vs attering Intensity for Mirrors of Batch Ill
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Figure 39. Lock-Band vs Scatter IntensIty for Mirrors of Batch IV
(A-large garn et; • -small garnet)
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SECTiON VI

CONCLUSIONS

With the work performed on this program, it has been possible to convincingly
answer some of the original questions rega rding the use of garnet mirror substrates.

- 
- Firstly , it has been demonstrated that one can adapt the chemical-mechanical polishing

of ga rnets to obtain optically flat surfaces. Secondly, it has been shown tha t the same
S102/Ti02 MLD coatings will adhere to the ga rnet substrates over several temperatu re
cycles from -55°C to 75°C.

Whether or not garnet substrates will improve mirrors for ring laser gyros
has only been pa rtially answered. Certainly, if one takes the criteria of a good
mirror as being one that has scatter less than 0.05 percent, then the larger mirrors

- 
- Indi cate that a 100 percent yield can be obtained with ga rnets. The real question of

whether the strain—free surface of the ga rnet will ultimately produce a better mirror
was never really addressed properly . The contaminali on problems , which were
probably caused by the ground surfaces on the mirror sides, overshadowed this
effect and prevented its investigati on. The scanning electron microscope results
indicate that smaller scattering will be obtained with ga rnets If one overcom es the
contamination problems. However, no dramatic reduction In scattering or lock -band
was found with the garnet mirror substrates.

The results of trying to correlate the measured lock-band with the scattering
measurcments actually raise more question s than they answer. F rom the 37 mirrors
tested, It appears that for less than 0.05 percent scattering there is a monotonic
relation between lock—band and scattered intensity. But for values much above this ,
the correlation seems to completely disappear. A mirror with 0.2 percent scattering
exhibited the smallest lock-band measured in this program. The data seem to m di-
cate that scattering is related more to the possible variati on of the measured lock-
band than to its value. This is obviously an area that should be more thoroughly
investigated.
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APPENDIX A. MIRROR SCATTERING TRACES. BATCH III

These 8cattering traces for the mirrors of Batch III are included in this
report for completeness. The traces were provided by Optical Coating Laboratories ,
Inc. , using standard scattering measurement techniques developed by tha t labora tory
for assessment of ring laser gyro mirror qual ity.

Of pa rticular interest In this group of traces is the one for the larger garnet
mirror BB. Net only Is the value of scattering very low but more importantly the
variations with rotation of the substrate are very low. This Is to be contrasted
with those for FS1, FS2 and FS3 (fused silica mirrors) of this batch. Although
the average values of scattering are nearly as low for these three mirrors, there
are very rapid vari ations In scattering as the mirror Is rotated.
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APPENDIX B. MIRROR SCATTERING TRACES, BATCH IV

These scattering traces for the mirrors of Batch IV are included in this report
for completeness. The traces were provided by Optical Coating Laboratories, Inc. ,
using standard scattering measurement techniques developed by that laboratory for
assessment of ring laser gyro mirror quality.

‘I

it

75

- - 
_ — - - —-5—-— —5- - —.~~~~~~ - - 5 - -

~~~~~~~ 

. -
• - - -

- — ---~ -5 k— — - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



—. ~~ ~~~~~
‘- — - .. :, ~~~~~~ 

-
~~~~~

MIt Iffi 11 fffl~ ~
•~I•• F ’ f~- ~~~~~~~~~~~~ 

ii
RU ftI+ + + H+I H+ +1+11-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

2 —

- j
~~~~iI ~~~~o

CO

~~Lt ~~ I I
I 

I

14 S

I

~~~~~
- • .. o  I ,)

2 £ ° r  -
0 0 . l I j~~~~

- CO 0! N

2 — i
~~~~~ I.
2 2

I D 0 ~~~~~ N

.1 20 ( 0 >

76

L~ ~~~~~~~~~~~~~
-- - --~~~~~~



_______ 
-

( ( 1  1
~ ]H~

-
~

~~ I I I  I ~I I I J I  I I I  ,j ~r r r ~~ T T T  z a
I I I I I ’-~ l I l t  0 0.

II I~~~2I0.

I a

I I ~~~~~~~~~~~~~~~~ i-I 0.

I --4
I 

.5—
I z S0 0.I I

£~~~~~~I I
Ji l  I I { L £

I I  I I
i i t [~ i t  T~~ ~I I H !  I I I  1

UI~~ I
H A  i~~i~~ ‘I J1 F f t I

1 11 1W HI I~ 2
I I I  I I I  I I I I I  0 0.i r  £ T I -  t t t  t i ’  I—I
I I I  I I I  I I I  I I I
I I I  I I I  I i  I I I  1.4
I I I  I I I  I I I  I I .J Cl)

T T tt F Ft It? t’t 0

~ IN C 4

~TTT1Tft~th
~HTF UTU 1~H ~ ~fl11~~HIHJUJ~ ~ I

- f 77

-- -5-- .-



— -~ - - - - - - -~~55~ 
S

II I J I Ti 1hI5B. J .~I I~ iT~ • 1 ij i
I h u l l  1 11111 1 l4i l~ ‘ a
I 1 1 1 1 1 1  I 1 1 1 1 1  t l I ’~ l l
I 11-fl U I ‘ . L J I J  J 1Ii~~II 1 1 1 1 1 1  I I l F L l E 1 E L ~~~’ t  2

0

f_ tu rn UUU1~~~ 
-‘ ~~

a

I 
- 

t

I i u JT j  
~~
‘ ii ~j : H2. h i t ! . t I I J h l  14 .

I 1t . 1 !  : I I p  
j 

I 2 4—
i - I .  - I I I

F r~ 1i ~r r i~ 1’

Ii ~~~~~~~~~~~ I I  I I i t
H il if ~ i IT

F ‘ -H ’ + ~ 
I

__ 

~~~~~~t~~4~~ I I I ~ ~I ~ 
4 ç ~v

-

. 

I1~~ 1 I
ti_I I • iHHHI ftLiI~~ li 2 

~ dg~~
HI I it iiii [1 1~+~~~I I I I I I

L 

78

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



-— ~~~-5~~~~~ -~~- - .- — 

.11 

- 

~ 1 1 1 1 - 

-I __ ;~.

I
~~ •-~~~ -~~~ 

‘~

1 1 ]  AI I i  I 4T fl~f i t I i~ I -T 1 I~TI
(0

2

~~~~~~~~~~~~~~~~~~~ ~~~~~~~ ~ 

~~~~~~~~~~~~~~~~~~~~~~ 

‘~:~ ~

79

I 
- -- - 

-5- - -- - ‘  - -
~~~~ -~~



- — - j -— - -~~~~~~~~

[ ~ ‘ ~aIII I I I I I I I J . .,L_L..L.I—I—I-—Ii~~~~~ - I I  I I III”i -.4
I I I  I I I I If

I I £-I--~~I 2
• I T’~ i I  0

- . I IIJI III i
-

• 
i~ ~

II1 
- I I  ! T  ~ ~~ F~I I I  i t j I i i I  i F 1 i I~-~ i

I 1 ]  I I  I ~Ii - 
-

I_I

•.~~ ‘1 ~~

— a .~.i~ -.4 S

• 
- ‘—S o2 £ 0  

~-0 0. In I— 0. e
3 Q~~

[I
f Z~~~~~~~~~~~~ZI I ~ 0 ~ N

U )>

80

-~~

_ _ _ _ _ _ _ _ _ _ _ _  —— __ __ 5_ _ 5 _ _ - 5 _ ___ ~___ _ _____ _ _~~~~~~~~~~~~ _ 5 _ _ S 5_ - S - 5 _~~~~~~
____



— - - - — 
-~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I I I I l I I I I I l l 111 ”I-I~J I  I I  I I  1 1 1 1 ) 1 1 1  0 0 .
Fl -I- , T i  4- -_ I i I FJ I E’
J i l l  I I IT 1 i-m

~0.

- -

. 

I

I I I I I H 0.

1.1 I I Ii
i i I I [

I I  £ 1
I_Li f .1_i- 

~~ I I —• 1~1 
~
.

I ‘ “ ~ “

H 1 1 1 1I~ I H
I ~~~~~~~~~~~~ ~-.. aI- 1 111111 1111 I~ II

1IIT~ H ftffi~T ~rj ~~~~I [ T T T IT I TT I~~’r 
.5- o c ‘5J

~~~~~~~~~~~~~ l I  ~

I I I IL 1~~I ~- 
2 .~~ 

I’
S

I. III 11~
81

- -5— -— -5-” .5— - -  



- - ; - -

I I  I I

I - I ~~~~iii ii
~ .I II

I I
I -

l 

I - 
~ 

[1 
~1~ ~r 1i~ ~

} 
I L 4 ~~I I ! 1 I

I 

i i  T I  I11~~~~I I  I~ I
I I 

~ [ , I ~__ U
H

~~~~~~~~~~ ~

-1

~ _____ 
_____________



_~

~ 
1
~

1
~1 

I
~ ~

Il - -I l ff1 Itt Itfif ~I I I I I I I I I I I _ J - . I — I — 1 c

— •L - -~ a
-.4

- 2
0 0.

.-~ a
— -.4

L 

0~~~ I•~

~I

. — a

I
.

83



____ _____________________ 
_____________ 

- - .--~~-

~~~~ i

_ 

i i i , I 
-
~

a

1~~~~~~~~~~~~~~~~~~~

- i-i a

z~~~~- - 1 L~~- 

I - 

1 1 2 ~~~~~~

1 I H
a

~ -.4
2
0
I-I 0.

( 0 . 5  4

t . 1

I -  — ~-.4 (51._ a  I •
2 1 0o £ . m A

‘V

L 84

_ _ __ _ _ _



- ‘ ‘ --- --
- ~~~~~

I ~ ~~ 
-i 1 1~~-~-~th 1~UU~ ~~ : ~

~t$!~4+1M_ItIt TI H I H_ Itt ~N~dIUi~t~ 1 ! ~
II ill II I I I L~~~~ ’ 1II 4 I

I - z E

I1
~ U ~1 fl1f~~~~~~J ~ ~it t  it Ii t i t i  ~~~~~~ nir~~ri ~~ -

-

I I  I ,I. •I• 11.1

l i i i  IIIIIII’~~~~~I I I I I I I t i  ~I — f  £lI1~~~~IHf W~~~ WTIT1fIfIfIft 2 -
1 1 1 1  I~~~~~~~~~~..I.J...I...IIIII ( 0 1  2
I I I !  I I l ~~~~~~L-~~~~~~ $+4-I I 2

ff~~#~4~~rll 2 2
2 0

85 — 



---5— 5-—--- -~ - 
-v---- ~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_
~5 —— S ~~~~~~ S

~~~~~~~~~ T::: ~~~ -—--5----
1111 f l H 11 I f ii LII ~i ~ ~ I’III 

1~~~~ ~

I i 1~ - - 

~~~~

I

I ~
. a

I I I  ‘ -.4
I I  I ‘.5-

t t f  I ~ aI l l  H O .
1 1 1

i-

CO

2 -

r -

i t
t ~ ~ - 

•

~ 

1
i~

+ I 1
1 1 iI

-: 

~~~~~~ 

~~~ 
°~ d ~

_ _  

LI



- ~~~
. 

_— — —-~~~~
---.- - — - --‘------_‘---- ~~~~~~~~ —. --5 -~~~~ - - -

I j  i t  I f  
— I

I I ‘~j
_1. i.. Ii i i i  ,l I ii ~ -

~~

a
- 

II I 

-

iI~1. UI - 1 - 

H
I I  

~~~ 

~
i I i 

I 

. 

•

~

• I’

‘-4 a% ~
. PI-. I 0H si ~~~ t.

Tn U N
- 2~~~U lIIi~lI~l~t I ~~~~~

L 

87

— —--.  - -  5- a- -  - - - -- - — - - - - — -  -- --— -—.— - - — —_ - -
~~~~~~~~~~~ — --



_____ - -~~~~~ 
- - -

~~~~~~

~ 

I 
- 

-

f- I -

I I I P 1
- R E.  f ~~~H I T i l l ]  I i i- • N a

- I1E1HTfflfffff~I~~1~Ii1ffflfFtf~~~~~~ 1
____ 

[Ullil IU~~-1-~—ft~1- fltf~tMt~PPII*tfl!Pt~f
~~~~

88

— - — 

5- - -  -- -— 5
——- —-- - - -.—-- - - - - - - - - -.-~~~-— _ _



- - . 

_ - -5--5~ - - --5- -5 --5

ft i1~ 
IT 1 

~~~~~ ~ I
-

~~ I 1IIL~I#L11 H 0.

-~ a

— 
i (  

- 1 1 ~~~ IiI f i t  I. I J I — ’~~~I ’ I I lI
H I hi I It LI~ihi 1 ii~~ I 1~~~T U j 1
I ~ I I I  I iirr’-~~1i t i  ~

..

— I I I  
- -

~~~ 

r 
~~

‘ 

~~

~~I IaI1III~~~~~~~~fJ~ 

!~~~~~

0

~~~~~Li
~~~~ IT!

inIi inii itu~~~~~ ttt I 
~

89 

1 - 

---5-- - -- ~-— -- - -,- —--— -  _ _ _ _ _ _ _



- - 

— 
—----- - -~~~~-- ___

-- A 1 i  11 ilL I i~ IIIUIIIJ i~- I

~ 
{ 

- ~ LI ~ii I H I

____ ~~ II IIIt~~~I ¶ a
1~~-~~+ILt’ H 4 1

~ U rTPT1r~~. ,  I
TY[T T

~ 

if

III I I I  I ( I_ ,LLLU..L~~~~~t t1’TI l 2
~-~4~~~±i rTlTmTI ri i I III ri L

fl TTT~~111~~~~~~~ LI l  I I I  Cl) 51 ~~~~~~~ N
~ I i  I L ’ I I L L I~~~~~~~ IU. 0 ci I-’

I 1 1 1 1 1  ~. ‘-l -
I l T ~~~~~~~~t~~~~ l l I I I I  O . - 2 2
~~..LL.~~~~~~r M I I I I  1 1 1 1 1 1  Z H 1 0

~~~~~~~ 

I
I I  I 2 ,

~~ 2 2

~~ I ~ 0 ~ (4

- 
2 0 (0  >

-‘ 
90 

~~
__
~~~~ :~~_~



-- -5— - - -~ -5 - - -5 - -5 - _- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~. - zr——-— - -- ----5 

~— -~
--- -

~~~~~~~

- -

f [I 1 F1II II 1it4-i—t-—~ II 1IIt1

f • I i
IL ~ . 11 ~~ 

2 -

I 
~

J 
J

t t t t t t t t t t t i ’ r 1 I 1 ~~TN~ If 
- -

I I I I I I I I I I II I L I J.JIII II I aH{U1T1TI~Tfl1tJIILH ~
- I ~ V

• 1 1 1 1 1 1 1 1 1  II iii r~~~i a —~ ~4 - l 4 -~~4 I 4 - I 4 -  41 J IWtIi .L I H 0. —I H I H I I I  II 1 I.14~~~ N
t t t t t i t i t ~t i ~~~ H1 2 ~ -

I~~~ 
0 2

14 (4
2 ‘C 2 2

0 ~ N
~~~ U U )>

91

_ _

— 5-s ~. _ _ -  
_ - — - — - - —- ——-A —



- -. 
~~~~~~~~~~~~~~~~~~~~~~~ -- - --— - -  — - -—---- - — 5— 

5— --- - ~~~~~~

“
~T 

~ i

a
_ _ _
_ _

0
_____________ ‘.4

_________ II

1 4
I
T I

- 
~—i a
~ -.4

2
0
H
f4
H
U)

2

( 40
- 4 0

0 ~~~~~~~~~~ 
•
~‘.4 C

•1wfl~ iii~’
92

-

~ 

— - -5  - 5— ---~— -5-



-

1 :  I I -

I 

-h’ ~~~ I

~r F H ft h ~~ 
-

i t  
j

- I

1 I F ~1I L!JJI~~~ 
I ~~

~ T1 T~I 1 ’ Miiii~ i i  ~-

~ 
• Hi I

~ 
; I ~ I i 1~~~. I I I  ~I - 

LL~ 
LP~I1~

’t 1

H 1~U ~ 
I I I

~~JLL11h II
I - I

- I T p ~r 
n- ;~

IHHII1 I I I I I I I I I I  I H 111II

lb 

ov. rfl 
menj Inti ng 

Off Ic.: 19 79 — 65 7-002/




